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[57] ABSTRACT 
An improved method of gas metal arc welding (GMAW) is 
disclosed. The method includes utilizing a pulsed current 
having a variable Waveform to ensure the detachment of 
one-droplet-per-pulse of current. During the Welding 
process, the current is sufficient to produce a droplet at the 
end of a consumable electrode Wire. After the droplet 
reaches a desired siZe, the current is loWered to induce an 
oscillation in the droplet. The current is then increased 
Which, in combination With the momentum created by the 
oscillation, effects droplet detachment. The oscillation may 
be monitored by observing the arc voltage to determine a 
preferred detachment instant. A computer implemented 
method alloWs for the adaptive control of the current Wave 
form to accommodate for anticipatable variations in the 
Welding conditions, While maintaining ODPP transfer and a 
constant pulse period. An accompanying system is disclosed 
for implementing the method of adaptive Welding. 
15 Claims, 12 Drawing Sheets 
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METHOD AND SYSTEM FOR GAS METAL 
ARC WELDING 
TECHNICAL FIELD 
The present invention relates generally to the ?eld of 
metal joining and, more particularly, to an improved method 
for gas metal arc Welding (GMAW) using a pulse of current 
having a variable Waveform and an accompanying system 
for implementing the method. 
BACKGROUND OF THE INVENTION 
In conventional gas metal arc (GMAW) or metal-inert gas 
(MIG) Welding, an electric current is supplied to a consum 
able electrode Wire to create an arc betWeen the tip of the 
electrode and a Workpiece. Heat created by the arc causes 
the tip of the electrode to melt, thereby forming a droplet of 
molten metal. Due to the combination of electromagnetic 
and gravitational forces present, the droplet ultimately 
detaches and transfers along the arc to the Workpiece. The 
electric arc and the transfer of droplets from the electrode 
create a Weld pool. As the Workpiece is traversed, successive 
Weld pools create a Weld bead, Which is essential to the metal 
joining process. Additionally, to improve bead quality, an 
inert gas is generally provided around the arc. This gas 
shield serves to protect the metal droplet from the surround 
ing atmosphere as it transfers across the arc, thereby pre 
venting in-?ight oxidation and providing a bead of substan 
tially the same composition as the electrode. 
To achieve quality beads With an acceptable appearance, 
it is desirable to control the detachment of the droplets from 
the electrode. More speci?cally, the droplets must continu 
ously reach an optimum siZe and detach With a knoWn 
frequency. As can be appreciated, the siZe of each droplet 
and the detachment frequency is directly dependent on the 
level of current supplied to the electrode. It is knoWn that 
droplet siZe at the time of detachment decreases as the 
current increases. This is primarily due to the increased 
electromagnetic detachment force associated With an 
increase in current. HoWever, it is equally Well knoWn that 
high currents may also cause droplet superheating, Which is 
associated With poor quality beads due to damaged material 
property. Such high currents also increase the presence of 
undesirable fumes and directly affect the mode of droplet 
detachment and transfer. 
It is knoWn that free, or natural, droplet detachment and 
transfer generally occurs in one of three distinct modes 
depending on the current level: short-circuit, globular, or 
spray transfer. In short-circuit transfer, the current remains 
too loW to detach the droplet through electromagnetic force 
together With the Weight of the droplet (or alternatively, the 
distance betWeen the electrode Wire and the Workpiece, also 
knoWn as the arc length, is too short). Thus, the droplet 
simply groWs at a sloW rate until it ultimately contacts the 
Weld pool and detaches. This causes a “short-circuit” 
betWeen the electrode and Workpiece. Of course, short 
circuiting Will loWer the arc voltage to Zero. To maintain the 
arc voltage at the set level, the current must be increased. 
When the droplet is transferred to the Weld pool (that is, 
When the surface tension breaks the liquid metal neck 
betWeen the Weld pool and the electrode tip is broken), the 
large current Will cause the neck to explode and create 
undesired spatters. 
If the current is increased suf?ciently to groW the droplet, 
but remains too loW to effect detachment, globular transfer 
results. In this transfer mode, detachment occurs When the 
Weight of the droplet together With the electromagnetic force 
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simply overcomes the surface tension at the liquid-solid 
interface (that is, the neck created betWeen the molten metal 
droplet and the solid, unmelted electrode tip). As can be 
appreciated, globular transfer results in natural, but uncon 
trolled detachment, Which creates undesirable spatter pro 
vides an overly broad Weld pool and a nonuniform Weld 
bead. Such uncontrolled detachment is not acceptable for 
most manufacturing operations, especially Where the use of 
automated or semi-automated Welding machines is contem 
plated. 
Further increasing the current results in spray transfer, 
Which can be subdivided into drop (projected) spray or 
streaming spray. Drop spray results When the current is 
suf?ciently high to detach each droplet having a diameter 
close to that of the electrode. This current is knoWn as the 
“transition” current. Drop spray provides the desirable char 
acteristics of uniform droplet siZe, regular detachment, 
directional droplet transfer, and also creates little spatter. 
This produces a more uniform bead. 
When the current is increased beyond the transition 
current, the transfer mode becomes streaming spray. This 
high current creates small droplets having an increased 
detachment frequency, both seemingly desirable character 
istics. HoWever, this transfer mode is knoWn to create an 
undesirable ?nger-shaped penetration in the Weld pool that 
is associated With poor mechanical properties. Also, the use 
of such a high current increases the presence of undesirable 
fumes and in many instances causes droplet superheating. 
From consideration of the above description, it is clear 
that the preferred mode of free, natural transfer is drop spray. 
HoWever, it should also be appreciated that the range of 
current in Which this transfer mode is consistently achieved 
is extremely narroW. Further complicating matters is the 
potential for variations in the Welding conditions, such as the 
electrode material, the composition of the shielding gas, and 
the electrode extension. The combination of a high, but 
narroW current range and the interdependence on Welding 
conditions create tWo signi?cant problems, namely: (1) 
droplet detachment is not alWays guaranteed for a given set 
of preselected Welding parameters; and (2) the high current 
and concomitant heat input prevent use of GMAW in 
Workpieces having particularly thin sections or comprised of 
relatively heat-sensitive materials. 
In an effort to solve the aforementioned dif?culties, others 
have proposed the use of a pulsed current, a technique that 
is Well-knoWn in the art. In pulsed GMAW, a base current 
maintains the arc, While a higher, peak current melts the tip 
of the electrode Wire and detaches the droplet. The combi 
nation of base and peak currents over the pulse period results 
in a loWer average current. Of course, this reduces the 
amount of heat input to the Weld pool Which, in turn, solves 
the second problem identi?ed above. 
HoWever, the more dif?cult problem is the ability to 
consistently achieve drop spray at a loWer current indepen 
dent of the Welding conditions presented. In pulsed current 
GMAW, it is desirable to achieve the detachment of one 
drop-per-pulse (ODPP). Conventional pulsed current meth 
ods attempt to achieve ODPP by adjusting the duration of 
the peak current. HoWever, to guarantee detachment and 
drop spray (that is, to avoid one-droplet multiple pulses 
(ODMP) or multiple-drops-per-pulse (MDPP)) using con 
ventional methods, such as the method taught in the US. 
Pat. No. 3,683,149 to Mages, the peak current level must 
alWays, at a minimum, rise to the transition current level, 
regardless of changes in duration (see FIG. 7, main ampli 
tude 51 of Mages). Of course, this is a high current level 
6,008,470 
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Which requires relatively high energy input and could poten 
tially increase fumes. Further, since high current causes the 
droplet to form and transfer very quickly, the instant of 
droplet detachment remains dif?cult to accurately control. 
This is particularly true in adaptive Welding. Speci?cally, as 
Welding conditions (eg the arc length and composition of 
the shielding gas) and Welding parameters (eg the base 
current level and duration) change over the course of the 
Welding operation, the optimum level and duration of the 
peak current must also change in order to achieve ODPP. 
Previous attempts to solve this dif?culty include detecting 
the exact instant of droplet detachment and instantaneously 
adjusting the current accordingly to provide ODPP. Such 
proposals include: (1) sensing the arc voltage (arc length) 
and current level to determine the detachment instant; and 
(2) detecting audio emissions created by the arc jump from 
the tip of the electrode to the root of the droplet. Once the 
detachment instant is determined, the current can be loWered 
to beloW the transition current to ensure that only a single 
droplet is detached, thereby preventing MDPP. HoWever, as 
can be appreciated, these approaches still rely on natural 
droplet transfer and, therefore, must alWays utiliZe a current 
at least as high as the transition current. Also, despite these 
efforts, uncertainty as to the detachment instant and the 
accompanying droplet siZe remains. 
Accordingly, a need is identi?ed for an improved method 
of GMAW using a pulsed current Wherein the detachment of 
one-drop-per-pulse may be actively controlled. The method 
Would utiliZe current levels beloW the transition current to 
effect droplet detachment, thereby avoiding the problems 
associated With the use of high current. Additionally, a 
computer-implemented method of adaptive Welding and an 
accompanying system Would alloW for the on-line adjust 
ment of the current Waveform to compensate for anticipat 
able variations in Welding conditions. 
SUMMARY OF THE INVENTION 
It is therefore a primary object of the present invention to 
provide a method of GMAW utiliZing a current beloW the 
transition current to detach one-drop-per-pulse, thereby 
overcoming the above-described limitations and disadvan 
tages of prior art methods. 
An additional object of the present invention is to provide 
a method of GMAW that actively controls droplet detach 
ment and is fully responsive to changes in Welding condi 
tions. 
Still another object of the present invention is to provide 
a method of GMAW that relies on the momentum created by 
droplet oscillation and electromagnetic forces to effect drop 
let detachment. 
Yet another object of the present invention is to provide a 
method of GMAW that is easy to implement using existing 
Welding equipment. 
An additional object of the present invention is to provide 
a method of GMAW that monitors the arc voltage during the 
oscillation of the droplet to determine a detachment instant. 
Still a further object of the present invention is to provide 
a computer-implemented method of adaptive Welding that 
compensates for anticipatable variations in Welding 
conditions, While detaching one-drop-per-pulse and main 
taining a constant droplet transfer frequency. 
Yet a further object is to provide a system for implement 
ing the method of adaptive Welding. 
Additional objects, advantages and other novel features of 
the invention Will be set forth in part in the description that 
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folloWs and in part Will become apparent to those skilled in 
the art upon examination of the folloWing or may be learned 
With the practice of the invention. The objects and advan 
tages of the invention may be realiZed and obtained by 
means of the instrumentalities and combinations particularly 
pointed out in the appended claims. 
To achieve the foregoing and other objects, and in accor 
dance With the purposes of the present invention as 
described herein, an improved method of gas metal arc 
Welding using a variable current to actively control droplet 
detachment is provided. In the broadest aspects of the 
invention, the method includes the steps of supplying a 
current to form a droplet at the end of the electrode, loWering 
the current to induce an oscillation in the droplet, and raising 
the current to detach the droplet. As Will be appreciated after 
revieWing the folloWing disclosure, the method of the 
present invention advantageously alloWs for droplet detach 
ment to be actively controlled, While avoiding the above 
described limitations and dif?culties associated With prior 
art methods. 
For convenience of discussion, the method may be 
divided into three distinct periods, namely: a groWth period 
in Which the droplet is formed, an oscillation period in Which 
the droplet is excited, and a detachment period Wherein the 
droplet is actively forced from the electrode. During the 
groWth period, a pre-determined ?rst, peak current is sup 
plied to the electrode. This current is sufficient to form a 
molten droplet at the end of the electrode, but is beloW the 
transition current (i.e. the current suf?ciently high to inde 
pendently promote or cause droplet detachment at a diam 
eter close to the electrode in the absence of other forces). 
This current is maintained until the droplet groWs to the 
desired siZe, Which is preferably close to the diameter of the 
electrode to ensure drop spray transfer. 
When the preferred droplet siZe is reached, the pulse 
enters the oscillation period. Speci?cally, this includes the 
step of loWering the current to a second, base level. The 
reduction in current excites the droplet to oscillate. The 
primary amplitude of this oscillation is in a direction toWard 
and aWay from the Workpiece. Advantageously, the ampli 
tude of this oscillation may be determined by monitoring the 
arc voltage, Which varies according to the changes in arc 
length caused by the movement of the droplet toWard and 
aWay from the Workpiece. 
During the oscillation, at a selected instant in time When 
the droplet is moving toWard the Workpiece With a suf? 
ciently high amplitude, as experimentally determined by 
monitoring the arc voltage, the method enters the detach 
ment period. At this time, the current is increased to higher 
than the base current, but still beloW the above-referenced 
transition current. This increase in current produces an 
increased electromagnetic force on the droplet Which, 
coupled With the momentum created by oscillation, serves to 
effect detachment. The method is then repeated to detach a 
succeeding droplet, thereby forming the Weld pool together 
With the electric arc and, as the Workpiece is traversed, the 
Weld bead. 
Thus, as can noW be appreciated, the present method 
advantageously permits droplet detachment to be actively 
controlled by varying the current supplied to the electrode 
While simultaneously maintaining the current at a level 
beloW the transition current at all times. This alloWs the 
droplets to be detached at a desired siZe and at exact, 
selected instants in time, While avoiding the creation of 
deleterious fumes and the other problems associated With the 
use of high currents that is characteristic of prior art GMAW 
6,008,470 
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methods (eg high current usage, imprecise droplet control, 
spatter, poor bead quality). Of course, the use of a loWer 
current also reduces the average current Which, in turn, 
decreases the heat input to the Weld pool. This avoids 
superheating conditions and alloWs for relatively thin sec 
tions of Workpiece and heat-sensitive materials to be effec 
tively Welded. 
HoWever, depending on the Welding conditions or param 
eters required for a particular operation, the duration of the 
peak and base currents for each pulse may require adjust 
ment to control the average current. For example, if the heat 
input must decrease due to changes in the thickness of the 
Workpiece, the average current must decrease. Of course, to 
decrease the average current, either the loWer base current 
must endure for a longer period or the higher peak current 
for a shorter period. HoWever, changing the duration of the 
current alters the pulse period Which, in turn, increases or 
decreases the droplet transfer frequency. Such a non 
constant transfer frequency is undesirable for some manu 
facturing operations, such as, for example, droplet-based 
manufacturing (DBM). 
To achieve a constant droplet transfer frequency, it is 
intuitive that the pulse period must remain substantially 
constant. Therefore, in accordance With an important aspect 
of the present invention, a computer-implemented method of 
adaptively controlling the current Waveform during the 
Welding operation in response to changes in the Welding 
conditions is provided. Speci?cally, by monitoring the arc 
voltage at different points in the pulse period, the level of 
current and the duration of the periods of current (i.e. the 
Waveform) may be adjusted to maintain system stability. 
Additionally, the method advantageously incorporates the 
active control steps of the above-described method and, 
thus, ensures ODPP transfer. 
The method of adaptive control incorporates the steps of 
the above-described active control method. These include 
the steps of (a) supplying a current during a groWth period 
to groW the droplet, (b) loWering the current during an 
oscillation period to induce an oscillation in the droplet and 
(c) raising the current during a detachment period to detach 
the droplet. In addition to these periods, the pulse Waveform 
is noW further split to include an adjustment period, Wherein 
the level and the duration of the current may be varied to 
provide for desired increases or decreases of the average 
current as necessary in order to compensate for changes in 
the Welding conditions. 
As described above, during the groWth period, the current 
is at a peak level for a speci?ed duration to groW the droplet 
to a desired siZe. This duration is determined by pre-set 
values for an initial arc voltage, Wire feed speed, and pulse 
parameters, such as a peak current and base current level. At 
the end of this period, but during application of the peak 
current, the arc voltage is sampled. Then a second, or 
oscillation, period begins Wherein the current is loWered to 
induce an oscillation in the droplet. While the level of 
current during this second period is dictated by the prin 
ciples of the above-described active control method (i.e. the 
excite-up level) and is experimentally pre-determined, the 
duration of the current is non-constant. Advantageously, this 
alloWs for the bene?cial amplitude of oscillation to develop, 
despite variations in the siZe of the droplet. The detachment 
period folloWs Wherein the current is increased to a pre 
determined level, preferably at or near the peak level, for a 
?xed duration. As described above, the amplitude of droplet 
oscillation toWard the Workpiece functions in combination 
With the resulting increased electromagnetic force to detach 
the droplet from the electrode. 
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Prior to repeating this cycle, the step of determining the 
difference betWeen the arc voltage sampled after the groWth 
of the droplet (i.e. at the peak current) and the pre-set, ?rst 
arc voltage is performed. Based on this difference, an 
average current is determined that Will maintain the arc 
voltage at a substantially constant level. This level and 
duration of the current are then implemented during a fourth, 
or adjustment, period to maintain the average current. 
HoWever, it should be appreciated that the current level 
remains beloW the transition current and the duration of the 
period is alWays kept substantially constant, varying only to 
compensate for the slight variations in the duration of the 
oscillation period that are necessary to compensate for 
differences in droplet siZe/oscillation frequency. Upon 
adjusting the Waveform accordingly, the process is then 
repeated With the ?rst groWth period having a pre-set peak 
current and duration necessary to form the droplet. This is 
then again folloWed by the sensing of the arc voltage 
substantially at or near the end of this period. 
Thus, as should noW be appreciated, by utiliZing the 
above-described method, a constant droplet transfer fre 
quency is achieved. Moreover, the adjustment of the current 
level/duration during the variable periods advantageously 
alloWs the system to adapt to changes in Welding conditions, 
as determined by monitoring the arc voltage. Experiments 
have determined that a constant frequency is maintained 
despite signi?cant changes in the Wire feed speed or distance 
betWeen the guide tube and the Workpiece. Also, the method 
and system utiliZe the active control principles of the above 
described method and, therefore, ensure that one-droplet 
per-pulse transfer is achieved. 
In accordance With another important aspect of the 
present invention, a system for implementing the method of 
adaptive Welding is provided. In addition to the standard 
equipment of a poWer supply for providing current to an 
electrode Wire and a Wire feed controller for varying the feed 
speed of the electrode, the system includes a controller that 
senses the arc voltage and adjusts the current Waveform in 
accordance With the principles of the method just described. 
More speci?cally, and Within the broadest aspects of the 
invention, the controller alloWs the operator to input initial 
parameters, including a ?rst arc voltage. Based on the initial 
parameters, the current Waveform necessary to implement 
the active control method and groW the droplet to the desired 
siZe, induce oscillation, and effect detachment is determined 
by the controller. Upon groWing the droplet, the controller 
senses a second arc voltage and, based on the difference in 
voltage betWeen this second voltage and the ?rst arc voltage, 
determines an average current necessary to maintain the arc 
voltage substantially constant. The controller then adjusts 
the current to induce an oscillation in the droplet. During this 
oscillation, the arc voltage is sensed by the controller to 
determine a detachment instant. At the detachment instant, 
the current is increased to detach the droplet. The controller 
then determines the Waveform of current necessary to main 
tain the calculated average current and implements the same, 
thereby ensuring system stability to variations in Welding 
conditions that Would otherWise affect the arc length and 
lead to system failure. 
Still other objects of the present invention Will become 
apparent to those skilled in this art from the folloWing 
description Wherein there is shoWn and described a preferred 
embodiment of this invention, simply by Way of illustration 
of one of the modes best suited to carry out the invention. As 
it Will be realiZed, the invention is capable of other different 
embodiments and its several details are capable of modi? 
cation in various, obvious aspects all Without departing from 
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the invention. Accordingly, the drawings and descriptions 
Will be regarded as illustrative in nature and not as restric 
tive. 
BRIEF DESCRIPTION OF THE DRAWINGS 
The accompanying draWings incorporated in and forming 
a part of the speci?cation, illustrate several aspects of the 
present invention and, together With the description, serve to 
explain the principles of the invention. In the draWings: 
FIG. 1 is a block diagram shoWing the steps of a preferred 
embodiment of the method of the present invention; 
FIG. 2 is a schematical representation of a preferred 
embodiment of a system for performing the method of the 
present invention, including conducting the experiments set 
forth in Examples 1—4; 
FIGS. 3a and 3b are graphs of the current level and 
vertical coordinate of the droplet over time, shoWing the 
basic operation of the method of the present invention; 
FIGS. 4a, 4b and 5a, 5b are similar graphs shoWing the 
experimental results of the effect of peak current duration on 
droplet siZe and transfer frequency, as set forth in Example 
2; 
FIGS. 6a and 6b are similar graphs shoWing experimental 
results, including the addition of a base current duration after 
the peak current to reduce the average current (heat input), 
as set forth in Example 3; 
FIGS. 7a and 7b are similar pairs of graphs shoWing 
experimental results Wherein the average current is changed 
on-line, as set forth in Example 4; 
FIGS. 8a and 8b are graphs shoWing experimental results 
Wherein the arc voltage is monitored to determine the 
bene?cial amplitude for droplet detachment, as set forth in 
Example 5; 
FIG. 9 is a block diagram shoWing the steps of a preferred 
embodiment of the improved computer-implemented 
method of the present invention; 
FIG. 10 is a graphical representation of a sample current 
Waveform for implementing the computer-implemented 
method of the present invention; 
FIG. 11 is a schematical representation of the system of 
the present invention for adaptive Welding that alloWs for the 
current Waveform to be on-line adjusted, While maintaining 
a substantially constant droplet transfer frequency; and 
FIGS. 12a and 12b are graphs shoWing an experiment 
Wherein the Wire feed speed is increased and the average 
current is raised to accommodate this increase Without 
affecting the droplet transfer frequency. 
Reference Will noW be made in detail to the present 
preferred embodiment of the invention, an example of Which 
is illustrated in the accompanying draWings. 
DETAILED DESCRIPTION OF THE 
INVENTION 
Reference is noW made to FIG. 1, shoWing the steps of the 
improved GMAW method of the present invention. In the 
preferred embodiment, the method includes the initial step 
10 of supplying a pulse of current to a consumable Wire 
electrode to form a droplet at the tip, Which may also be 
termed the groWth period 12 for convenience of discussion. 
More speci?cally describing the groWth period 12, the 
current is supplied and maintained 14 at an experimentally 
pre-determined ?rst level (eg 220—250 amperes) for a 
speci?ed duration to produce a desired siZe, or diameter, of 
droplet for a given electrode material/diameter. Preferably, 
10 
15 
20 
30 
35 
40 
45 
55 
60 
65 
8 
this level and duration of current are sufficient to create a 
droplet that meets the condition 0.8éDd/Dwé 1.4, Wherein 
D d is the diameter of the droplet just prior to detachment and 
DW is the diameter of the electrode Wire. 
When the preferred droplet diameter is reached, the 
method enters the oscillation period 16. Speci?cally, this 
includes the step 18 of loWering the current to a second, base 
level (eg 40—50 amperes) to cause the noW fully-formed 
droplet to oscillate. The difference betWeen the peak level 
and the base level of current is termed the “excite-up” level, 
as this is the amount of current drop required to suf?ciently 
excite the droplet to oscillate. Preferably, the Welding opera 
tion is conducted With the Workpiece in a substantially 
horiZontal position. Thus, the direction of the oscillation of 
the droplet is primarily toWard and aWay from the Work 
piece. As discussed further beloW, in the preferred 
embodiment, the step 20 of monitoring the oscillation of the 
droplet may also be included. 
When the droplet is moving toWard the Workpiece at or 
near its highest, or bene?cial, amplitude, the method enters 
the detachment period 22. During this period, the step 24 of 
increasing the current to a third, or “cut-off” level is per 
formed. This “cut-off” level is higher than the base current 
and preferably at or substantially near the ?rst, peak current 
level. The concurrence of the current increase and bene?cial 
amplitude is called the “phase match,” and represents the 
instant in time When the electromagnetic force and momen 
tum of the oscillation toWard the Workpiece are suf?cient to 
effect detachment of the droplet from the electrode. 
Thus, in principle, the method advantageously relies 
primarily on the momentum of the oscillating droplet to 
utiliZe current levels beloW the transition current to cause 
droplet detachment, thereby avoiding the problems associ 
ated With high currents. Also, because the detachment is 
actively controlled by making simple adjustments to the 
level and duration of the current, ODPP can be consistently 
achieved. 
In addition to the condition of inducing oscillation to 
effect droplet detachment, it should be appreciated that to 
consistently achieve ODPP using the above-described 
method, certain conditions must be satis?ed. More 
particularly, it is knoWn that the frequency of oscillation for 
a liquid droplet attached to a stationary object, such as a Wire 
electrode, depends primarily on the mass of the object. Due 
to the fact that the droplet diameter at the time of detachment 
is preferably kept substantially constant using the above 
described method (e.g. 0.8§Dd/DW1.4), the approximate 
mass of the droplet is alWays knoWn. Thus, as should noW 
be appreciated, the oscillation frequency remains ?xed for a 
given set of Welding conditions and a peak current level and 
duration. 
HoWever, it has been experimentally determined that the 
amplitude of oscillation is directly dependent on the current 
differential caused by the sWitch from a higher to a loWer 
level (i.e. the excite-up level) and, thus, is not ?xed. As 
previously noted, the method of the present invention relies 
primarily on the amplitude of oscillation to effect droplet 
detachment. Thus, an important condition for consistently 
achieving the transfer of one-drop-per-pulse using the 
above-described methodology is that the droplet must be 
moving toWard the Workpiece With an amplitude suf?cient to 
effect detachment upon sWitching the current to the cut-off 
level. 
It is knoWn that at a certain time after sWitching the 
current to the base level, the droplet oscillation reaches a 
high, or bene?cial, amplitude toWard the Workpiece. 
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However, as the current endures, damping occurs and the 
oscillation decays. It has been experimentally determined 
that if the current is increased prior to or signi?cantly after 
this bene?cial amplitude occurs, regular droplet detachment 
is not achieved. Thus, the current must increase at or near the 
point in time When the bene?cial amplitude occurs to ensure 
that the phase match condition is met. 
Therefore, to control the exact time When the phase match 
occurs and ensure that ODPP transfer is consistently 
achieved, experiments are conducted Wherein the oscillation 
of the droplet is precisely monitored (as noted by reference 
numeral 20 of FIG. 1) to determine the exact instant When 
this bene?cial amplitude occurs for a given set of Welding 
conditions. To do so, an image processing system including 
one high-frame rate camera (i.e. up to 3000 frames per 
second) and a laser-optic system are utiliZed in conjunction 
With a host computer, as is described in further detail beloW. 
Speci?cally, utiliZing the image processing and laser 
optic systems, data on the droplet geometry and vertical 
coordinate may be transferred real-time into the host 
computer, Which can simultaneously process successive 
images. Hence, the direct, real-time feedback of the droplet 
geometry can be obtained. This permits the operator to 
evaluate the droplet oscillation and, thus, accurately deter 
mine the exact instant When the phase match condition 
occurs. Of course, once the ideal detachment instant is 
determined for a set of Welding conditions, the method may 
be implemented Without the monitoring step. 
Although the above-described image processing and 
laser-optic systems are of particular bene?t in determining 
the exact instant of droplet detachment, it should be appre 
ciated that these systems are someWhat costly to operate and 
are relatively complex in design. Therefore, it is also con 
templated that the monitoring of the droplet can occur by 
simply measuring the arc voltage signal. 
More speci?cally, after the current is loWered from the 
peak to the base level, the droplet is knoWn to have a 
maximum siZe. As this produces a knoWn vertical distance 
betWeen the droplet and the Workpiece, the arc voltage can 
be determined. Of course, during the oscillation period, the 
droplet is moving toWard and aWay from the Workpiece 
Which creates a difference in this distance, Which is knoWn 
to be directly proportional to the arc voltage. Thus, by 
monitoring the change in the arc voltage during oscillation, 
the relationship betWeen the duration of the oscillation and 
the arc voltage can be experimentally determined. This 
alloWs the operator to determine the exact instant When the 
bene?cial amplitude occurs/is established. As modern Weld 
ing systems are generally provided With the ability to 
measure the arc voltage during the Welding operation, no 
additional equipment is thus necessary to perform this 
monitoring. 
In addition to phase match, it has also been determined 
that the cut-off level must be sufficient to detach the droplet. 
More speci?cally, the current must reach a level that Will 
generate the required increase in electromagnetic force that, 
combined With the momentum created by the bene?cial 
amplitude, Will forcibly detach the droplet from the elec 
trode at the desired instant. Of course, for a loWer bene?cial 
amplitude (i.e. a higher droplet mass or a longer base current 
duration), a higher cut-off level is required, and vice-versa. 
In the preferred embodiment, the cut-off level and excite-up 
currents are maintained at approximately the same level to 
ensure that droplet detachment is consistently achieved. 
HoWever, it should be appreciated that for a given set of 
Welding conditions, a more precise, and perhaps loWer, cut 
off level can be experimentally determined through trial and 
error. 
10 
15 
20 
25 
30 
35 
40 
45 
55 
60 
65 
10 
EXAMPLES 
Referring noW to FIG. 2, the experimental set-up utiliZed 
to con?rm the viability of the method of the present inven 
tion is shoWn. A consumable Wire electrode 100 comprised 
of mild steel and having a diameter of about 1.2 millimeters 
is used. The poWer supply 102 is an inverter arc poWer 
source of a type knoWn in the art, such as a Miller’s Maxtron 
450 produced by the Miller Electric Manufacturing Com 
pany of Appleton, Wis. In constant current mode (as 
opposed to constant voltage), this poWer supply 102 pro 
vides betWeen 15 and 565 amperes of current. 
The current level is controlled by a central controller 104, 
such as an IBM Compatible host computer With media input 
capabilities that alloW computer program instructions to be 
loaded thereon. By Way of example only, a speci?c version 
of a computer program that can be used to implement the 
method of the present invention is noted beloW. 
The controller 104 signals the poWer supply 102 to 
change the current provided to the electrode to perform the 
method of the present invention. The changes in current are 
based both on information supplied by the operator, such as 
the Welding parameters, as Well as information on the 
Welding conditions fed back to the controller 104 during the 
Welding operation (see beloW). 
AWire feed speed controller 106 connected to the central 
controller 104 serves to feed the electrode Wire toWards the 
Workpiece 108. For these experiments, the extension of the 
electrode toWard the Workpiece 108 is set at 16.5 millime 
ters. The shielding gas (not represented in FIG. 2) is pref 
erably a mixture of 95 percent argon and 5 percent carbon 
dioxide. The arc voltage levels are maintained at approxi 
mately 25 volts for this mixed shielding gas, although the 
use of a different shielding gas/arc voltage is also possible 
using this experimental set-up (e.g. pure argon With an arc 
voltage of 30 volts). 
One disclosed embodiment of a system that may be used 
to experimentally determine the phase match condition is a 
real-time image processing system 110 Which monitors the 
amplitude of droplet oscillation. The system includes a 
camera 111 having a frame rate of up to 3000 HZ. The 
images obtained by the camera 111 are fed real time (i.e. 
800—1500 frames per second) to the controller/host com 
puter 104 through a high frame rate grabber 112 and an 
image processor 114 of a type knoWn in the art. Also, a 
laser-optic system 116 similarly knoWn in the art is con 
nected to the controller/host computer 104 to alloW the 
vertical coordinates of the droplet to be monitored both prior 
to and during oscillation. HoWever, as discussed beloW in 
Example 5, use of such an image processing system/laser 
optic system may be avoided by simply sensing variations in 
the arc voltage during oscillation to determine When the 
bene?cial amplitude and, thus, the desired detachment 
instant occurs. 
A current signal monitor 118 may also be provided Which 
serves to determine the actual current passing through the 
electrode 100. This feedback is provided to the central 
controller 104, Which may be programmed to on-line adjust 
the Welding parameters and the Wire feed speed to ensure 
system stability (i.e. a constant arc voltage and ODPP). 
Example 1 
With reference to FIGS. 3a and 3b, the implementation of 
the method of the present invention utiliZing the above 
referenced experimental set-up and parameters is graphi 
cally demonstrated. The current is maintained at an experi 
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mentally pre-determined level of 220 amperes for a pre 
determined duration of approximately 12 milliseconds to 
grow the droplet to the desired diameter (i.e. 0.8§Dd/ 
Dwé 1.4). Upon reaching the preferred siZe, the current is 
loWered to 50 amperes (at t=3 ms on FIG. 3a). Thus, the 
excite-up level is about 170 amperes (that is, the difference 
betWeen the higher and loWer current levels that is required 
to induce oscillation in the droplet). 
As can be appreciated from vieWing FIG. 3b and the 
accompanying illustration of the droplet/electrode tip, the 
change in the vertical coordinate demonstrates that the 
reduction in current has induced an oscillation in the droplet. 
This oscillation is monitored using the above-described 
image processing system 110/laser-optic system 116. When 
the droplet is moving toWard the Workpiece, the current is 
increased approximately 170 amperes to 220 amperes (FIG. 
3a, t=16—18 ms). The droplet is nearly instantaneously 
detached from the electrode (see FIG. 3b, t=18 ms). The 
pulse is then reset and begins With the groWth period/peak 
current. As should also be appreciated from vieWing FIG. 
3b, no signi?cant droplet oscillation occurs during the 
groWth period (t=18 ms to t=30 ms). This ensures that the 
droplet is not inadvertently detached. 
Example 2 
FIGS. 4a, 4b and 5a, 5b demonstrate the experimental 
results using the proposed method to produce different 
droplet siZes and different transfer frequencies, While main 
taining a substantially constant average current. In FIGS. 4a 
and 4b, the selected duration of the peak current causes the 
droplet to groW to approximately 1.08 millimeters (D d/DW= 
0.9) then detach by the active control action (that is, the 
reduction and subsequent increase in current). As can be 
seen in FIG. 4b, a single droplet is consistently detached for 
each pulse of current. HoWever, instead of the normal 
transition current required to detach the droplet for the 
above-described parameters (approximately 350 amperes), 
the peak current level is only 220 amperes. The base current 
for this experiment is 40 amperes. 
In FIGS. 5a and 5b, an increase in the duration of the peak 
current causes the droplet to groW to 1.68 millimeters 
(D d/DW=1.4) prior to detachment. This also causes the pulse 
period to increase Which, in turn, decreases the droplet 
transfer frequency. Thus, larger droplets are created that 
detach more sloWly. 
HoWever, it can be seen in FIG. 5b that droplet detach 
ment is actively controlled and, thus, occurs only at desired 
instants in time When the current level is increased to at or 
near the peak current level. Thus, as should noW be 
appreciated, the excite-up and cut-off levels can be ?xed for 
a given set of Welding conditions, but the duration of the 
peak current is adjustable to control droplet siZe and transfer 
frequency. It should also be appreciated that the base level 
of current necessary to induce the oscillation in the droplet 
endures for a very short time and, therefore, in both experi 
ments the average current remains at approximately 210 
amperes. This means that the droplet siZe and transfer 
frequency can be adjusted Without altering the peak current 
level, as is required by prior art methods to achieve the same 
result. 
Example 3 
The above example demonstrates the usefulness of the 
method of the present invention in consistently achieving 
ODPP. HoWever, it should be appreciated that the average 
current remains relatively high due to the short duration of 
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the base current. As such a high average current is not 
acceptable for some Welding applications, the method of the 
present invention must also actively control droplet detach 
ment While alloWing for the average current (heat input) to 
be adjusted doWnWardly for a particular application. 
To loWer the average current, a base level of current may 
be inserted after the cut-off level and prior to the start of the 
peak current Without signi?cantly affecting the amplitude of 
oscillation, the regularity of droplet detachment, or the 
droplet siZe at the time of detachment. FIG. 6a shoWs the 
addition of this extended base current prior to the peak 
current. While utiliZing the same peak and base current 
levels as those used in Example 2 (220 amperes and 40 
amperes), the addition of the base current duration advan 
tageously reduces the average current to 83 amperes. 
Despite the addition of this base current period, it should be 
appreciated from vieWing FIG. 6b that ODPP transfer is 
consistently achieved. 
Example 4 
This example is similar to Examples 2 and 3, but dem 
onstrates the ability of the system to deliver ODPP during 
on-line changes in the current duration to adjust the average 
current. Referring noW to FIG. 7a , When a base current of 
a speci?ed duration is inserted betWeen the cut-off and peak 
current levels, the average current is experimentally deter 
mined to be 100 amperes. The peak current is maintained 
constant at 220 amperes for a duration of 2.8 milliseconds. 
Of course, as described above, the addition of the base 
current duration does not affect droplet detachment, as can 
be appreciated from vieWing FIG. 7b betWeen time t=0 and 
t=250 milliseconds. 
At approximately t=250 milliseconds, the base current 
duration is removed, thereby decreasing the pulse period and 
increasing the average current to 165 amperes. The peak 
current duration is maintained at 2.8 milliseconds. As is 
demonstrated in FIG. 6b, While this reduction in the pulse 
period increases the metal transfer frequency, ODPP is still 
consistently achieved. 
Example 5 
This example demonstrates the ef?cacy of monitoring the 
arc voltage to determine the detachment instant, as opposed 
to using auxiliary machines to visually monitor the droplet 
coordinate/geometry. It should be appreciated, hoWever, that 
in order to verify the reliability of the arc voltage as an 
accurate predictor of droplet oscillation, such visual moni 
toring devices are necessary. 
For purposes of this experiment, the current is adjusted in 
accordance With the active control method of effecting 
droplet detachment described above. As can be seen in FIG. 
8b, upon reducing the current by the “excite-up” level, an 
oscillation is induced in the droplet, Which is shoWn by the 
variations in the vertical coordinate of the droplet. As 
oscillation occurs toWard and aWay from the Workpiece, the 
arc length increases and decreases. As can be seen in FIG. 
8a, the arc voltage folloWs a similar pattern. Thus, it should 
noW be understood that by monitoring the arc voltage, the 
oscillation and, thus, the phase match, can be determined 
Without the need for any additional hardWare. 
Thus, as demonstrated by the above examples, for a 
selected electrode material/diameter, the excite-up and cut 
off current levels can be experimentally pre-determined and 
remain roughly ?xed throughout the Welding operation. This 
is true despite changes in the duration of the peak and base 
currents. Thus, using the above-described method, the dura 




